Glioblastomas (GBMs) are one of the most radioresistant of human tumors. However, GBM cell lines grown in vitro, including GBM tumor stem like cells, do not display comparable radioresistance. In an attempt to account for this discrepancy, we compared the radioresponse of GBM tumor stem-like cells grown in vitro and as orthotopic xenografts using γH2AX and 53BP1 nuclear foci. The data presented suggest that tumor cells within the orthotopic xenografts have an increased capacity to repair DNA double strand breaks and are less susceptible to their induction as compared to cells grown in vitro.
Introduction
Radiotherapy remains a primary treatment modality for glioblastomas (GBMs); yet, whereas many GBMs initially respond, the vast majority recurs within 2 years of diagnosis (1) .
Given that increased total dose fails to improve local control (2) and that the pattern of failure includes a predominance of recurrence within the initial treatment volume (3) GBM cells in situ are considered to be radioresistant. Defining the processes and molecules responsible for this radioresistance should provide a rational basis for designing target based strategies that enhance GBM radiosensitivity and therapeutic response. Investigations aimed at delineating such mechanisms and identifying targets for radiosensitization have generally focused on in vitro cultures of long established glioma cell lines. However, the biology of glioma cell lines as reflected by genetic abnormalities, gene expression and orthotopic growth patterns has little in common with GBM in situ (4) . Moreover, the radiosensitivity of such glioma cells is not significantly different from cell lines initiated from tumor types that typically respond to radiotherapy (5) .
With respect to a more biologically accurate model system, data now suggest that GBMs are driven and maintained by a subpopulation of clonogenic cells referred to as tumor stem-like cells (TSCs). The identification and isolation of GBM TSCs has been primarily based on the stem cell associated protein CD133 (6) , although additional markers have been reported (7) .
CD133+ TSCs have a number of in vitro properties in common with normal neural stem cells including continuous self renewal; expression of stem cell related genes and the capacity to at least partial differentiate along neuronal and glial pathways (6, 8, 9) . However, in terms of radiosensitivity, we have recently shown that CD133+ TSCs in vitro are actually more radiosensitive than established glioma cell lines (10) ; the applicability of CD133+ TSCs as a subpopulations (6, 8, 9, (11) (12) (13) . Moreover, brain tumor xenografts initiated from TSCs simulate the genotype and gene expression patterns of the GBM from which they originated (9, 12) .
Given that TSC initiated intracerebral (ic) xenografts replicate the genotype, phenotype and in vivo growth pattern of GBMs, we reasoned that they are also likely to reflect the potential influence of the microenvironment on GBM radiosensitivity.
Identifying a role for the microenvironment in GBM radioresponse requires a measure of intrinsic radiosensitivity that allows for the direct comparison between cells grown in vitro and as tumor xenografts. In contrast to tumor growth rate and animal survival, an indicator of radiosensitivity defined at the individual cell level and applicable to in vitro and in vivo models is γH2AX foci expression. It is well established that γH2AX foci correspond to radiation-induced DNA double strand breaks (DSBs) and that their dispersal correlates with DSB repair (14, 15) .
Because DSBs are the critical lesion in radiation-induced cell death, γH2AX foci also provide a measure of radiosensitivity (16) (17) (18) . To determine whether the microenvironment influences the intrinsic radiosensitivity of GBM cells, we have used γH2AX foci to directly compare the radioresponse of GBM TSCs grown in vitro and as ic xenografts. Data presented show that the initial level of radiation-induced γH2AX foci was significantly reduced in tumor cells within ic xenografts and the foci that did form dispersed more rapidly as compared to cells irradiated under the in vitro conditions. These results thus imply that GBM cells grown ic are less
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GBM TSC culture.
Neurosphere forming cultures NSC11 and GBMJ1 were isolated from two human GBM surgical specimens as described previously (10, 19 Human Genome U133A 2.0 chips (Affymetrix, Santa Clara, CA) were used having >22000
probesets. The chips were scanned and the output files were visually inspected for hybridization artifacts and then analyzed using Affymetrix Microarray MAS 5.0 software. After MAS 5.0 analysis, effects of in vivo growth were determined by dividing the expression levels from a given ic xenograft (in vivo) by the corresponding CD133+ or differentiated in vitro samples.
Fold-changes were uploaded into Gene Cluster software (http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm), log2 transformed and arranged in a self-organizing map (SOM) (24) , which was visualized using the Treeview software (http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm). Genes that were differentially expressed in vivo as compared to in vitro conditions were defined as those with a >2.0 foldchange (increased) and <0.5 fold-change (decreased). The ROS/ARE gene list was generated by combining the gene lists for ROS metabolism (25) and ARE containing genes (26) and consisted of 367 individual genes (Supplemental Table 1 ). The differentially expressed genes were filtered for those target genes and uploaded into Venn diagrams to show the overlapping increased and decreased genes between each experimental calculation.
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on γH2AX foci after irradiation of NSC11 cells. As an indicator of DSB induction and repair we used γH2AX nuclear foci. Mice bearing NSC11 intracerebral tumors were irradiated (6 Gy) at the initial signs of morbidity and euthanized at times out to 24h. Using 10μ sections, γH2AX foci were quantified in individual nuclei using confocal microscopy and a stacking procedure that allowed for evaluation of whole nuclei in the z-direction. This procedure is necessary to prevent underscoring of foci due to incomplete visualization of the entire nucleus and is essentially as described by Rube et al in their evaluation of γH2AX foci in mouse tissue (18) . Only tumor cells in non-necrotic regions of the tumor mass were evaluated; representative composite images of γH2AX foci in control and irradiated NSC11 intracerebral xenograft are shown in figure 2A . The maximum number of γH2AX foci was reached at 0.5h after irradiation followed by a rapid decline at 1h with a further reduction by 6h; at 24h there was no significant difference as compared to control (Fig. 2B ).
γH2AX foci levels were also evaluated in NSC11 cells grown in vitro (Fig. 2C ). For this analysis two in vitro growth conditions were evaluated: CD133+ NSC11 cells maintained in stem cell medium (TSCs) and CD133+ NSC11 cells that had been exposed to 10% FBS for 10 days (differentiated), which results in the loss of CD133 expression and differentiation along astroglial and neuronal pathways (21) . Use of both in vitro growth conditions thus approximates the phenotypic heterogeneity of the ic xenografts. Moreover, use of both in vitro models addresses the potential contribution of cell cycle phase distribution in radiation-induced γH2AX
foci formation, i.e. approximately 2-fold more foci are induced in G2 than in G1 (15) . In the differentiated cultures >93% of cells are in G1/G0 versus only ~50% in the CD133+ cultures (data not shown and ref (10)). For differentiated cells in vitro, the number of γH2AX foci induced by radiation (2 Gy) was less than that induced in the CD133+ NSC11 cells at each time point evaluated (Fig 2C) , which may be due to the greater percentage of G1/G0 cells. Although γH2AX foci returned to control levels by 24h after irradiation of the differentiated cultures, in the CD133+ TSCs the number remained significantly above control values, similar to our previous results (10) . It should be noted that our initial analysis of radiation-induced γH2AX foci in CD133+ GBM TSCs was performed at 20% oxygen (10); the present results were obtained for cells grown at 7% oxygen (21), which had no significant influence on foci induction or dispersal. Comparison of the time courses shown in figures 2B and C indicates that for cells irradiated as ic xenografts the maximum γH2AX foci dispersal rate occurred between 0.5 and 1h
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Copyright © 2010 American Association for Cancer Research post-irradiation, whereas for both in vitro models foci dispersal was relatively steady over the 24h evaluation period. These data suggest that repair of radiation-induced DSBs was considerably more rapid in tumor cells irradiated under orthotopic conditions.
Comparison of figures 2B and C also revealed that 6 Gy delivered to ic xenografts resulted in a similar level of γH2AX foci as induced by 2 Gy in vitro. To better illustrate this difference in susceptibility to radiation-induced γH2AX foci the dose response at 0.5h for each growth condition is shown in figure 2D . With respect to in vitro growth conditions, the differentiated cultures contained fewer radiation-induced γH2AX foci at each dose tested than the actively cycling CD133+ cultures, again, perhaps due to the differences in cell cycle phase distribution. However, the NSC11 cells grown orthotopically, were substantially less susceptible to γH2AX induction than both in vitro culture models.
53BP1 foci after irradiation of NSC11 cells. 53BP1 is a critical protein participating in
the radiation-induced DNA damage response that also forms nuclear foci after irradiation (27) .
Although the retention of 53BP1 at foci is facilitated by γH2AX, its initial recruitment to the site of DSBs does not require γH2AX (28) and thus provides an independent measure of DSB induction (18, 28) . After irradiation of CD133+ NSC11 initiated xenografts the number of 53BP1 foci reached a maximum at 0.5h followed by a rapid decline at 1h returning to control levels by 6h (Fig. 3A) . Irradiation of the NSC11 cells in vitro resulted in 53BP1 foci induction and dispersal similar to that detected for γH2AX. For differentiated cells in vitro, the number of 53BP1 foci induced by radiation (2 Gy) was less than that induced in the CD133+ NSC11 cells at each time point evaluated (Fig. 3B) . By 24h after irradiation 53BP1 foci returned to control levels in differentiated cultures, yet remained significantly above control values in the CD133+
on cultures. As compared to ic xenografts, the dispersal of 53BP1 foci after irradiation under both in vitro growth conditions was considerably slower, remaining significantly above control levels at 6h (Fig. 3B) . Consistent with the γH2AX data, these results suggest that the repair of DSBs is more rapid in NSC11 cells grown orthotopically. In addition, the number of 53BP1 foci induced in both in vitro models at 0.5h after 2 Gy was similar to that induced by 6 Gy for cells within the ic xenografts. Thus, tumor cells grown orthotopically were less susceptible to radiation-induced 53BP1 foci formation.
GBMJ1 ic xenografts.
To determine whether these results were unique to NSC11
tumors, similar experiments were performed using CD133+ GBMJ1 TSCs. The intracerebral implantation of these cells results in the formation of highly invasive brain tumors with cells expressing GFAP, βIII tubulin as well as CD133 (Fig. 4) , similar to NSC11 tumors. Whereas 100% of the GBMJ1 TSCs implanted ic were CD133+, at the initial signs of animal morbidity, the percent CD133+ cells was 9.6% ± 1.5 (mean ± SD, n=3). After irradiation (6 Gy) of ic xenografts, γH2AX foci were readily detectable at 0.5h returning to control levels by 6h (Fig.   5A) . These results were then compared to those obtained from GBMJ1 cells maintained under 2 types of in vitro growth conditions: CD133+ cells maintained in stem cell medium (TSCs) and CD133+ cells that had been exposed to 10% FBS for 10 days (differentiated) (Fig. 5B) . In contrast to NSC11 cells, there was no detectable difference in the radiation-induced γH2AX response of CD133+ and differentiated GBMJ1 cells in vitro. Whereas >90% of the cells in the differentiated cultures were in G1/G0 versus ~57% in the CD133+ GBMJ1 cultures (data not shown), additional phenotypic changes may be involved affecting γH2AX induction under these two in vitro conditions. However, similar to the NSC11 model, the dispersal of γH2AX foci was conditions. In addition, the susceptibility of cells grown orthotopically to radiation-induced γH2AX foci was substantially less than for GBMJ1 cells irradiated in vitro (2 vs. 6 Gy).
Microenvironmental influence on GBM gene expression. To begin to address the mechanisms responsible for the differences in γH2AX and 53BP1 foci induction as defined above, microarray analysis was used to generate gene expression signatures for NSC11 and GBMJ1 cells grown in vivo as ic xenografts and in vitro under stem cell and differentiated conditions. To define the changes in gene expression resulting from in vivo growth, gene expression signatures of the ic xenografts (in vivo) were directly compared to those generated from their corresponding in vitro cultures (CD133+ and differentiated). Using these data, a SOM was generated to compare the in vivo mediated changes in gene expression induced in the NSC11 and GBMJ1 models ( figure 6A ). Within the each of the GBM models, there were a significant number of genes in CD133+ and differentiated cultures that were commonly affected by in vivo growth. In addition, although there were differences between the GBM models, there were also a significant number of genes similarly affected by in vivo growth in both NSC11 and GBMJ1. These results suggest that the effects of brain microenvironment on gene expression are not tumor specific and may be of a more general nature.
The gene expression profiles comparing in vivo to in vitro growth were then evaluated in terms of genes that can play a role in radioresponse. Of particular interest were genes involved in ROS scavenging and anti-oxidant response, which have long been implicated as determinants of radiosensitivity. Accordingly, gene expression signatures as defined in figure 6A for ic xenografts versus their respective in vitro cultures were interrogated using a list of genes associated with ROS metabolism (25) Table 2 ). These results indicate that a consequence of orthotopic growth of GBM cells is an increased expression of ROS/ARE related genes, which would be consistent with greater anti-oxidant capacity and reduced susceptibility to radiation-induced DSBs.
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Discussion
GBMs comprise a diverse set of tumors that are highly variable with respect to histology, genetic abnormalities and gene expression profiles. However, despite their extensive biological heterogeneity, although some GBMs respond better than others, they all essentially fail radiotherapy (1). This relatively "homogeneous" clinical response in a background of intertumor heterogeneity suggests that the microenvironment may play a significant role in determining their radioresponse. The goal of this study was to test the hypothesis that the brain microenvironment contributes to GBM radioresistance. Towards this end it was necessary to directly compare the intrinsic radiosensitivity of cells grown in vitro and in vivo as orthotopic xenografts.
The gold standard for defining radiosensitivity in vitro is the clonogenic survival assay, which measures the consequences of radiation on the proliferative potential of individual cells.
The radioresponse of human brain tumor xenografts, however, is typically defined according to animal survival and more recently using imaging techniques to define tumor growth rate, both of which are highly dependent on the number of tumor cells (clonogens) at the time of irradiation and in essence evaluate the radiosensitivity of the tumor cell population as a whole. Thus, to quantitatively compare the intrinsic radioresponse of tumor cells within ic xenografts to that of cells maintained under in vitro growth conditions we used γH2AX foci, which provides a sensitive measure of radiation-induced DNA DSBs (15) . The dispersal of γH2AX foci reflects DSB repair with the residual foci remaining at 24h after irradiation having been shown to correlate with radiation-induced cell death, i.e. radiosensitivity. Whereas the relationship between residual γH2AX expression and radiosensitivity has been best established using in vitro models (5, 16, 17, 29) , the correlation has also been reported after in vivo irradiation of human were detected in the initial number 53BP1 foci induced ic, which provides an independent measure of DSB induction (28) .
Thus, at this point data suggest that the reduced γH2AX and 53BP1 foci induction in ic xenografts may be the result of fewer DNA DSBs. It has been reported that radiation-induced γH2AX expression was 3-4 times greater in well-oxygenated cells as compared to anoxic cells, with 0.55% oxygen producing a half-maximal response (32) . With respect to the study presented here, anoxia as well as 0.55% oxygen would be expected to result in necrosis. Although areas of necrosis are present in the ic xenografts, γH2AX and 53BP1 foci were evaluated only in healthy appearing tumor tissue (non-necrotic) with a relatively uniform response across tumors. Thus, it appears unlikely that the reduced level of foci induction detected after ic irradiation can be solely attributed to radiobiological hypoxia (~0.5%) (33) . An additional determinant of DNA DSB induction and consequently radiosensitivity is cellular/tissue anti-oxidant capacity (34) .
Accordingly, enzymatic and non-enzymatic scavenging of ROS is well established to protect cells from radiation-induced DNA damage. Genes involved in ROS metabolism and antioxidant response were expressed at higher levels in ic xenografts than in the TSCs or their differentiated progeny in vitro. If this gene expression pattern translates to increased antioxidant capacity as described for breast tumor cells in vitro (35) , the consequence would be reduced levels of DSBs after irradiation of orthotopic xenografts, consistent with reduced levels of radiation induced γH2AX and 53BP1. Of note, Pollard et al also recently showed that ROS scavengers reduced the levels of radiation-induced γH2AX foci in vitro, which was accompanied by a reduction in cytotoxicity (36) . Table 1 ) and compared using Venn diagrams. The top and middle panels show Venn diagrams of increased (red) and decreased (green) ROS/ARE genes from the two ic xenografts as compared to their in vitro CD133+ and differentiated cultures, respectively. The bottom panel shows a Venn diagram comparing the genes affected by ic growth for each in vitro culture condition. The commonly affected genes in CD133+ and differentiated cultures in both GBM models are shown in Supplemental 
